One-sentence summary: To better characterize yeast habitats and biodiversity, we isolated nearly 600 yeast strains using sugar-rich enrichment protocols, including more than 80 species, eight of which are new to science.
INTRODUCTION
Yeasts are fungi that persist as single cells for at least some of their life cycle and do not form fruiting bodies (Kurtzman, Fell and Boekhout 2011) . This lifestyle has evolved multiple times, and yeasts include diverse taxa from two fungal phyla, Ascomycota and Basidiomycota (Nagy et al., 2014) . Most of the approximately 1500 described species of yeasts are members of the subphylum Saccharomycotina, which includes
Saccharomyces cerevisiae and about 1000 known species (Kurtzman, Fell and Boekhout 2011) . These yeasts are more genetically divergent from one another than the entire phylum Chordata, which includes vertebrates (Dujon 2006) . The ecological characterization of most species is limited to the geography and substrate of strain isolation, as well as several dozen metabolic, physiological and morphological traits that are routinely tested by taxonomists (Kurtzman, Fell and Boekhout 2011) . Unfortunately, many species have only been isolated a handful of times, so ecological associations are often anecdotal at best. Thus, for most yeasts, we have limited knowledge of how they partition resources, how they interact with competitors and other community members, and how they evolved. Commercially and genetically, Saccharomyces is the most studied yeast genus, but even here, the understanding of its ecology, natural history and geographic distribution remains limited. In addition to their long-recognized role in the production of fermented beverages and foods, Saccharomyces spp., especially S. paradoxus and S. cerevisiae, have been isolated frequently near and on Quercus (oak) (Naumov, Naumova and Sniegowski 1998; Sniegowski, Dombrowski and Fingerman 2002; Johnson et al., 2004; Fay and Benavides 2005; Sampaio and Gonçalves 2008; Hyma and Fay 2013; . In many cases, investigators have focused on isolating Saccharomyces from Quercus, making it difficult to perform a rigorous test of whether this association is specific to these genera. Complicating matters, Saccharomyces spp. have been isolated frequently from other tree genera. For example, Quercus is absent from South America, and S. uvarum and S. eubayanus were recently shown to be associated with another member of the family Fagaceae, namely the genus Nothofagus (southern beech) (Libkind et al., 2011) . Coupled with the sporadic isolation of S. cerevisiae and S. paradoxus from Betula (birch), Fagus (northern beech) and related trees in the Northern Hemisphere, we recently proposed that the Saccharomyces habitat might extend to the entire order Fagales (Hittinger 2013) . If important habitats have been overlooked, then it is likely that additional diversity remains to be discovered.
Few yeast-rich ecosystems have been characterized in detail, but several case studies have suggested that the life cycles and host ranges of yeasts are complex and often involve multiple animal and plant hosts. At least 80 species of yeasts have adapted to cactus-associated lifestyles, and several Drosophila (fruit fly) spp. complete a tripartite relationship with this yeastrich community (Fogleman, Starmer and Heed 1981; Fogleman and Starmer 1985; Lachance 1995; Starmer, Schmedicke and Lachance 2003) . Hundreds of species of yeasts have been isolated from the guts of beetles, including fungivorous beetles and beetles that consume decaying wood . Since xylose is the second most abundant monosaccharide in woody plant matter, xylose-consuming yeasts are thought to improve the fitness of wood-eating beetles through a mutualistic relationship (Suh et al., 2003) . Fecal consumption by passalid beetles is known to facilitate transfer across generations (Suh et al., 2003) . Several of these yeasts can even ferment xylose (Kurtzman 1990; Nguyen et al., 2006; Wohlbach et al., 2011) , a rare trait of particular interest to the nascent lignocellulosic biofuel industry (Jeffries 2006) . Similar studies have been conducted in social wasps, where S. cerevisiae has recently been shown to be an important component of their microbiota that is transferred between wasp generations by regurgitation and feeding (Stefanini et al., 2012) . These wasps were also suggested to provide S. cerevisiae with a mechanism for overwintering and dispersal to vineyards (Stefanini et al., 2012) . Natural communities of S. cerevisiae and other yeasts may frequently have industrial counterparts or complex relationships with semi-domesticated lineages. For example, S. cerevisiae has been found in vineyards and nearby oak forests (Hyma and Fay 2013) . Along with Hanseniaspora spp., Pichia spp. and Metschnikowia spp., S. cerevisiae is one of the taxa most frequently isolated from fermenting juices (Lachance 1995; Di Maro, Ercolini and Coppola 2007; Lopandic et al., 2008) . Despite these exemplar ecosystems, a general understanding of the full range of ecological niches and the biogeography of most yeasts is still limited.
Temperature preference, which can be controlled directly by endotherms and influenced by a host's geographic range, is one of the most critical traits for Saccharomyces and other yeasts. Niche partitioning between phenotypically similar congeneric yeast species, based on seasonal or daily temperature cycles, has also been proposed (Sweeney, Kuehne and Sniegowski 2004; Sampaio and Gonçalves 2008; Gonçalves et al., 2011) . In at least one case, yeasts have even been suggested to use their metabolism to control the temperature of their microhabitat to the benefit of their host and themselves (Herrera and Pozo 2010) . Cryotolerance is an important trait in the production of some fermented beverages, such as champagne and lager beer (Libkind et al., 2011; Almeida et al., 2014; Gibson and Liti 2014) , while thermotolerance is preferred for biofuel production (Favaro et al., 2013; Goshima et al., 2013) . Thermotolerance also predicts which species are capable of becoming opportunistic pathogens (Garcia-Solache and Casadevall 2010). Ultimately, temperature preference is expected to be a major determinant of where a species is found, both geographically and ecologically, and how it will interact with human health and industry (Kurtzman, Fell and Boekhout 2011; Libkind et al., 2011; Salvadó et al., 2011; Leducq et al., 2014) .
Here we investigate the ecological associations of yeast species in the northern United States through an extensive survey of strains that thrive in high glucose, low oxygen enrichment conditions. We recovered a diverse array of taxa, including eight that we describe here as new species. The scale of our enrichment-based survey, with nearly 600 strains, gave us the power to explore several previously proposed, as well as unanticipated, ecological associations. This study provides an important first step toward an integrated understanding of the taxonomic, ecological and genetic diversity of yeasts in this cool temperate region and suggests that the mechanisms by which yeasts partition resources in nature are complex.
MATERIALS AND METHODS

Sample collection
Three hundred and seventy-four samples of bark, leaves, soil, mushrooms and other substrates were collected, especially in close proximity to Quercus spp., Acer spp. (maple), Fraxinus spp. (ash) and Fagus grandifolia (American beech). Most samples were collected from parks and natural areas in eastern Wisconsin and the Upper Peninsula of Michigan, but several other sites across the northern United States were also included (Fig. 1) . To minimize the risk of contamination, sterile instruments were used to collect samples, including sterile test tubes and sterile sampling bags. When samples could not be processed immediately, they were kept at 4
• C for up to 3 weeks.
Enrichment
The yeast enrichment protocol was based on previously published protocols (Gerke, Chen and Cohen 2006; Sampaio and Table S1 (Supporting Information).
Gonçalves 2008), but they were modified to increase taxonomic diversity. A small amount (∼1-3 g) of each sample was placed into up to six 15-mL conical tubes, corresponding to different conditions. Three conical tubes were filled with 9 mL 1 × Wild • C samples were incubated for 3-5 days, room temperature samples were incubated for ∼7 days and 10 • C samples were incubated between 4 and 6 weeks, depending on the presence of growth in most sample tubes. After incubation, test tubes were vortexed, and 10 μL of liquid culture was inoculated into 9 mL of fresh medium of the same type. Tubes were then incubated at the previous incubation temperature for a similar period of time or less to further enrich for yeasts.
Strain isolation
Samples were diluted to 1:10000 using sterile milliQ H 2 O, and 100 μL of each dilution was plated on YPD plates (2% glucose, 2% peptone, 1% yeast extract, 1.8% agar) and spread using sterile glass beads. Plates were incubated at their respective temperatures until yeast colonies were present. 30
• C plates were incubated for ∼1-2 days, room temperature plates were incubated for ∼3 days and 10 • C were incubated for 7-14 days or more, depending on when colonies became visible on the plates. Plates were inspected by eye to determine the presence of yeasts and the number of different colony morphologies. Each colony morphotype was streaked onto one-eighth of an YPD plate using a sterile toothpick. The plates were incubated at their respective temperatures until isolated colonies were inoculated into 3 mL of liquid YPD. These liquid cultures were incubated at their respective temperatures on a tissue culture wheel. Turbidity was seen in ∼1-2 days for 30
• C and room temperature samples and ∼5-7 days for 10 • C samples. 300 μL of 50% glycerol was added to 700 μL of YPD-grown pure samples and vortexed. The strains were cryopreserved in a -80
• C freezer. The remaining sample was preserved for sequencing and identification.
Strain identification and DNA sequencing
Crude genomic DNA preparations were made by pelleting 200 μL of culture in a strip tube and discarding the supernatant. 50 μL of 10mM NaOH was added to each sample and pipetted up and down seven to eight times. The sample was boiled for 5 min at 99 • C and stored at 4 • C. 1 μL of each NaOH-prepped sample was added to a 20 μL PCR reaction, containing 0.8 μL 10μM ITS4 primer and 0.8 μL 10μM ITS1 primer (McCullough et al., 1998) (Okonechnikov, Golosova and Fursov 2012) and manually trimmed for quality. Typically, we discarded the first ∼20 base pairs and the end of the read due to ambiguous data. Automated base calls were changed only if errors were obvious, such as dye blobs or spacing artifacts. In some cases, strains were resequenced to improve data quality and allow identification. Strains were identified by querying the sequences in the 'nt' database of GenBank using BLASTN with the default settings, except that low-complexity filtering was not performed (Altschul et al., 1990) . The top hit was recorded as the putative identification, but we note that any species that cannot be reliably differentiated by its ITS/5.8S region could be mistaken for a close relative. We note that the isolations and identifications of three strains of S. eubayanus (Peris et al., 2014) and eight strains of S. paradoxus have been reported previously in taxon-focused studies. They are reanalyzed here, along with 39 new strains of S. paradoxus, so that we could treat Saccharomyces and other yeasts equivalently.
To make putative population assignments, strains of S. paradoxus were also sequenced using the previously described primers, PCR amplification protocol and sequencing protocol for the POP2 and RPB2 genes . These sequences were analyzed both separately and concatenated, along with the ITS/5.8S region. MEGA (Tamura et al., 2011) was used to align the sequences with MUSCLE (Edgar 2004) and to construct a maximum likelihood tree using the NNI heuristic and Tamura-Nei model of evolution with 100 bootstrap replicates.
Statistical analysis
P values were determined using MSTAT v. 5.5 (http://mcardle. wisc.edu/mstat/) to conduct two-tailed Fisher's exact tests on two-by-two contingency tables (i.e. taxon versus non-taxon × substrate versus non-substrate) or X 2 goodness of fit tests.
D1/D2 sequencing of candidates for new species
In 23 cases, the ITS/5.8S region of the rDNA locus did not match (<97% identity) any GenBank entries. We adopted this strict criterion to minimize the false positive rate before more thoroughly investigating candidates for new species, but it likely means that cryptic species remain to be described from our collection. Since the ITS/5.8S region has not been sequenced for all yeast type strains, the more conserved and widely used region of the rDNA locus encoding the D1/D2 domain of the large subunit (LSU) of the ribosome was sequenced for those unidentified strains using the NL4 and NL1 primers (Kurtzman and Robnett 1998; McCullough et al., 1998) . PCR and sequencing conditions were identical to those used above for the ITS/5.8S region. BLAST was performed against GenBank as above. This procedure allowed 10 additional strains to be identified, but 13 strains remained unidentified, despite the evidence provided by high-quality DNA sequence reads. Phylogenetic analysis was performed as above.
Phenotypic characterization of candidates of new species
Physiological and morphological characteristics were determined by standard practice and compared to those of close relatives (Kurtzman, Fell and Boekhout 2011 
RESULTS
Diverse yeast species and genera coexist with Saccharomyces
Although there have been a handful of systematic surveys in the Great Lakes region of Canada (Lachance, Metcalf and Starmer 1982; Bowles and Lachance 1983; Lachance, Gilbert and Starmer 1995; Maganti, Bartfai and Xu 2011; , yeast biodiversity and ecology has been less thoroughly studied in the Great Lakes region of the United States. (Kurtzman, Fell and Boekhout 2011) . In addition to known species, we recovered strains representing eight new species that we describe below. The breadth of our enrichment-based survey and experimental design also allowed us to explore and uncover several ecological associations.
Temperature preference dramatically affects enrichments
Previous studies have found extensive variation in the temperature preferences of Saccharomyces and other yeast species (Arthur and Watson 1976; Sweeney, Kuehne and Sniegowski 2004; Garcia-Solache and Casadevall 2010; Herrera and Pozo 2010; Gonçalves et al., 2011; Salvadó et al., 2011) , and we sought to test whether enrichment temperature affected which yeasts were recovered. Basidiomycetous yeasts were mainly isolated after low-temperature enrichment, constituting a majority (66%) of isolates at 10 • C, while they were only rarely isolated at 22 and 30
• C (Fisher's exact test, P = 5.1E-60). In contrast, ascomycetous yeasts were prevalent at all three temperatures, but they dominated the enrichments at 30
Several genera were also more prevalent following enrichments at specific temperatures ( Fig. 3A) (X 2 test, P = 6.2e-53).
For example, much of the success of basidiomycetous yeasts in low-temperature enrichments was driven by the genus Mrakia, strains of which were only isolated at 10 • C. Although Mrakia strains can grow at warmer temperatures, they seem to have a competitive advantage at 10 • C. Similarly, the vast majority (97%)
of Cystofilobasidium strains were isolated at 10
Lachancea and Kluyveromyces strains were isolated at all temperatures, but the majority of strains from these genera were isolated at 30
• C. Kazachstania was the only genus isolated exclusively at room temperature in our survey. The genera Kluyveromyces ( Fig. 3B) and Saccharomyces ( Fig. 3C ) both displayed differences in temperature preferences among congeneric species (X 2 tests, P = 6.6E-6 and P = 5.5E-5, respectively). Specifically, Kluyveromyces lactis and Kl. marxianus were both isolated more frequently from warmer enrichments, while Kl. dobzhanskii was isolated more frequently at colder and moderate temperatures. Saccharomyces paradoxus was mainly isolated at room temperature and 30
while S. eubayanus was isolated exclusively at 10 • C.
Several yeast taxa are associated with specific hosts and substrates
The strong correlation between yeast taxa and temperature preferences led us to investigate whether some yeasts might further partition resources by associating with specific plant hosts and other substrates. Although we did not recover any strains of S. cerevisiae from our study sites, S. paradoxus had a significant association with Quercus (Fisher's exact test, P = 0.0063). Despite the occasional isolation of S. paradoxus from F. grandifolia, Betula populifolia, Be. papyrifera and other substrates, our data do not support a significant association between S. paradoxus and the broader order Fagales (Fisher's exact test, P > 0.05). Interestingly, Kluyveromyces, Lachancea and Hanseniaspora strains were also frequently isolated from Quercus samples, while other genera were isolated more frequently from other plant hosts (Fig. 4) (X 2 test, P = 1.589E-12). For example, the most frequently recovered ascomycetous species in our survey, Torulaspora delbrueckii (66/589 strains or 11.2%), had a moderate association with Acer (Fisher's exact test, P = 0.0057). In addition to these significant yeast-plant associations, S. paradoxus was isolated much more frequently from soil samples than bark, leaves, mushrooms and all other substrates (Fisher's exact test, P = 3.9E-5), another previously reported trend (Sniegowski, Dombrowski and Fingerman 2002) that, for the first time, we had an enrichment-based yeast survey with a large enough sample size to test statistically. Although we focused on sessile substrates, we isolated several yeast species previously associated with insects. Despite the limited number of fungal substrates in our survey, we found a highly significant relationship between C. bolitotheri and macrofungi, including mushrooms (Fisher's exact test, P = 6.7E-13). In addition to C. bolitotheri, we also isolated other species from the C. tanzawaensis clade that had been previously associated with fungivorous beetles, such as C. atakaporum (Suh, McHugh and Blackwell 2004) . Despite sampling no beetles, we also found several strains of Scheffersomyces, a genus that includes several native xylose-fermenting species associated with beetles (Suh et al., 2013) , including new putative strains of Scheffersomyces coipomoensis, Sc. cryptocercus and Sc. shehatae. We also uncovered a surprisingly strong association with rotting bark (Fisher's exact test, P = 4.8E-9) for Sc. ergatensis, a beetle-associated species that consumes but does not ferment xylose.
At least three lineages or populations of S. paradoxus are present in Wisconsin
Given the sugar-rich enrichment conditions used, it is perhaps unsurprising that we frequently isolated S. paradoxus in our survey (47/589 strains or 8.0%). Previous research has suggested that multiple populations of S. paradoxus inhabit North America (Sniegowski, Dombrowski and Fingerman 2002; Leducq et al., 2014) , so we sought to determine which population(s) our strains were sampled from. A 3-locus (POP2, RBP2 and ITS) concatenated phylogenetic tree was concordant with the individual gene trees and clearly assigned each strain to one of the three populations known to be present in North America (Fig. 5) , an observation consistent with limited gene flow and partial reproductive isolation between populations (Charron, Leducq and Landry 2014) . This apparent differentiation was remarkable because we found that all three populations were present in Wisconsin. The vast majority of the strains found in Wisconsin and Michigan were most closely related to Group B (American), while four strains from Group A (European) and a single strain from Group C (Québécois) were recovered. Interestingly, 2 out of 10 strains from New Hampshire were from Group C, consistent with the proposed northeast distribution of this Québec-centered population . The discovery of the Group C strains in Wisconsin and New Hampshire reported here, as well as their previous rare isolation in Pennsylvania (Kuehne et al., 2007) , further supports the hypothesis that the Group B and C populations are sympatric or parapatric in the Great Lakes/Saint Lawrence Seaway region . 
Phylogenetic and physiological analyses support the description of eight new species
Analysis of D1/D2 domain of LSU rDNA sequences indicated that 13 strains (from eight distinct groups) had at least six nucleotide differences (at least 1%) compared to previously described species or, in one borderline case, were distinct by additional criteria (Figs 6, 7, S1-S7, Supporting information). Strains yHKS256, yHKS285, yHKS286 and yHKS303 clustered in the Kwoniella clade (Findley et al., 2009; Boekhout et al., 2011) (Figs 6 and S1, Supporting Information). yHKS256 was closely related to Kwoniella shandongensis (Chen et al., 2012) , differing from it by five nucleotides; although just shy of the conservative 1% criterion for D1/D2 differentiation (Kurtzman and Robnett 1998) , the high differentiation in the ITS sequence (7% nucleotide differences) suggests that yHKS256 belongs to a distinct species. The latter three strains were identical and differed from strain CBS 8976 (GenBank AF406890) by two nucleotides in the D1/D2 domain; they differed from K. shandongensis and yHKS256 by 26 and 22 nucleotides, respectively. Strains yHKS301 and yHKS333 were identical to Cryptococcus sp. NBRC 101036 (GenBank AB462335), which was isolated from Filipendula camtschatica in Japan, and had only one nucleotide difference relative to Cryptococcus sp. GY31S09 (GenBank FJ527163), which was isolated from soil in Taiwan (Figs 6 and S2, Supporting Information). These data suggest that all four strains are members of a novel species that differs from all described relatives by at least 15 nucleotides. Strain yHAB242 was identical to Cryptococcus sp. GJ18M02 (GenBank FJ873516), which was isolated in Taiwan, and Cryptococcus sp. NBRC 105038 (GenBank AB462342), which was isolated in Japan (Figs 6 and S3, Supporting Information). yHAB242 differed from Mrakia curviuscula and Cryptococcus huempii by 13 and 14 nucleotides, respectively. Strains yHAB239, yHAB240 and yHAB244 were identical and clustered in a well-supported clade with C. arcana and C. derodonti, which were both isolated from beetles (Suh and Blackwell 2005) and differed from the new strains by 7 and 16 nucleotides, respectively (Figs 7, S4 and S5, Supporting Information). Strain yHAB196 was closely related to Blastobotrys capitulata and B. arbuscula, and had 7 and 12 nucleotide differences, respectively (Figs 7, S4 and S6, Supporting Information). Strain yHBJ21 perfectly matched Candida sp. BG02-5-30-009A-1 (GenBank AY520421) and closely matched Candida sp. BG02-7-18-018A-2-2 (GenBank AY520408), two strains from an undescribed species that were isolated from basidiocarpfeeding beetles (Figs 7 and S4 , Supporting Information). These three strains formed a clade separated from the Sugiyamaella clade (Urbina, Frank and Blackwell 2013) and are conspecific according to the criterion that strains with three or less substitutions in the D1/D2 domain should be treated as members of the same species (Kurtzman, Robnett and BasehoarPowers 2008) . Strain yHAB218 was identical to Candida sp. NRRL YB-4088 (GenBank EF550308) and differed from Cy. misumaiensis by 22 nucleotides (Figs 7, S4 and S7, Supporting Information). Thus, based on these phylogenetic analyses and the physiological characteristics of these strains (Table 1) , we propose that these eight groups represent eight novel species with the 
Udeniomyces puniceus CBS 5689 (AF075519)
Udeniomyces pyricola CBS 6754 (AF075507)
Mrakia curviuscula CBS 9136 (EF118826) Cystofilobasidium bisporidii CBS 6346 (EU085532) Cystofilobasidium capitatum CBS 6358 (AF075465) Xanthophyllomyces dendrorhous CBS 7918 (AF075496)
Cryptococcus tahquamenonensis sp. nov.
Cryptococcus dejecticola CBS 10117 (AY917102)
Kwoniella mangroviensis CBS 8507 (AF444742)
Cryptococcus bestiolae CBS 10118 (AY917100) 
Description of Cryptococcus tahquamenonensis Wang, Hulfachor, Sylvester and Hittinger sp. nov.
Etymology: The epithet is chosen because the type strain was isolated from Tahquamenon Falls State Park, MI, USA.
In YM broth, after 3 days at 25 o C, cells are ellipsoidal to elongate, 2.7-5.7 × 6.5-12.7 μm (Fig. 8D) , and occur singly or in pairs; budding is polar; sediment is formed. Etymology: The epithet is chosen to honor Meredith Blackwell, who described the close relatives, C. derodonti and C. arcana, and whose efforts have substantially advanced the understanding of this clade of yeasts. In YM broth, after 4 days at 25
• C, the cells are ovoid and ellipsoidal, 2.2-3.0 × 2.5-7.7 μm (Fig. 8E) , and occur singly or in pairs; budding is multilateral; sediment is formed. After 1 month at 25
• C, sediment is present. After 1 month at 25 • C, the streak culture is butyrous and white cream; the surface is smooth, and the margin is entire. Kodamaea meredithiae differs from the closely related species C. arcana in the assimilation of cellobiose, citrate and glycerol, as well as growth at 30
• C (Table 1) . The type strain, 
Blastobotrys buckinghamii sp. nov. yHAB196 T (KM408120)
Candida sungouii sp. nov.
BG02-5-30-009A-1 (AY52042)
Candida sp. BG02-7-18-018A-2-2 (AY520408) yHBJ21 T (KM408126) In YM broth, after 3 days at 25
• C, hyphae form, and conidia are sessile and produce at the apex or alongside of the hyphae; hyphae are 3.2-5.0 μm, and the conidia cells are ovoid and 3.5-4.0 × 4.4-5.2 μm (Fig. 8F) ; sediment is formed. After 1 month at 25 • C, rings, pellicles and sediment are present. After 1 month at 25
• C, the streak culture is butyrous, snow-white, dry and farinose; the surface of the margin is fringed with hyphae. Sporulation is not observed on McClary acetate or YPD agar after 2 months at 25 • C. Blastobotrys buckinghamii differs from the closely related species B. arbuscula and B. capitulata in the assimilation of ethanol and myo-inositol, as well as growth at 37
• C (Table 1) .
The type strain, yHAB196 T , was isolated from a mushroom as- Description of Candida sungouii Wang, James, Sylvester and Hittinger sp. nov.
Etymology: The epithet is chosen to honor Sung-Oui Suh, who isolated a strain genetically similar to the type strain, and whose efforts have substantially advanced the understanding of this clade of yeasts.
In YM broth, after 3 days at 25
• C, the cells are ovoid and ellipsoid, 2.0-4.6 × 2.0-8.7 μm (Fig. 8G) , and occur singly or in pairs; budding is multipolar; sediment is formed. After 1 month at 25
• C, sediment and rings are present. After 1 month at 25 • C, the streak culture is butyrous and cream colored; the surface is smooth, and the margin is entire. Sporulation is not observed on McClary acetate or YPD agar after 2 months at 25
• C. For physiological characteristics, see Description of Cyberlindnera culbertsonii Wang, Hulfachor, Sylvester and Hittinger f.a., sp. nov.
Etymology: The epithet is chosen to honor Michael R. Culbertson, a prominent yeast geneticist who recently retired as chair of the Laboratory of Genetics after nearly two decades of service. In YM broth, after 3 days at 25
• C, the cells are ovoid and globose, 2.5-6.5 × 2.7-6.5 μm (Fig. 8H) , and occur singly or in pairs; budding is multilateral; sediment is formed. After 1 month at 25
• C, sediment is present. After 1 month at 25
• C, the streak culture is butyrous and yellow cream; the surface is smooth, and Table 1 . Physiological characteristics that differentiate eight new species from closely related species.
Fermentation
Assimilation reactions and other characteristics Abbreviations: +, Positive; -, negative; l, latent; w, weak; lw, latent and weak; v, variable; n, not tested. [b-e,g] Data from Kurtzman, Fell and Boekhout (2011) [f]
Data from Crestani et al. (2009) [h]
Data from Chen et al. (2012) [i]
Data from Suh et al. 
DISCUSSION
The role that most yeast species play in ecosystems is not fully understood, but improved isolation and identification techniques, such as those employed here and in other recent studies, are rapidly discovering new species and populations, while finding novel associations with hosts, substrates and other ecological factors (Naumov, Naumova and Sniegowski 1998; Sniegowski, Dombrowski and Fingerman 2002; Fay and Benavides 2005; Nguyen et al., 2006; Sampaio and Gonçalves 2008; Stefanini et al., 2012; Hyma and Fay 2013; . Unlike many previous studies, we used DNA barcode sequencing to identify all visibly distinct strains that tolerated the high-sugar enrichment conditions and heavily sampled diverse non-Quercus substrates so that we could formally test and confirm the putative Saccharomyces-Quercus association. Generally, species-level identification was possible; when it was not, we performed additional sequencing and physiological tests that led to the description of eight new species. The scale and comprehensiveness of this enrichment-based study allowed us to test ecological associations with fairly high power in some cases, although such associations may still be indirect. We uncovered a strong association between enrichment temperature and the phyla of the yeasts isolated, suggesting that the preference of many basidiomycetous yeasts for lower temperatures (Kurtzman, Fell and Boekhout 2011 ) may be ecologically relevant. Such a strong association between yeast phylum and enrichment temperature has not been explicitly reported before, and cautious interpretation is warranted. Many enrichment studies have used ethanol, to which most basidiomycetes are relatively sensitive (Kurtzman, Fell and Boekhout 2011) , and/or employed secondary screens to focus on Saccharomyces strains (Sniegowski, Dombrowski and Fingerman 2002; Sampaio and Gonçalves 2008; Libkind et al., 2011) . Further study of different latitudes and habitats is warranted to test the generality of this observation. Temperature preference differences were also observed within the genera Saccharomyces and Kluyveromyces, so this ecological dimension of diversity may affect yeasts across a wide range of evolutionary timescales.
Our survey also found several other ecological associations, including a moderately strong association between S. paradoxus and Quercus. Despite frequent isolation of S. paradoxus on nonQuercus Fagales, the hypothesized broader association with the order Fagales was not supported, providing evidence that the Saccharomyces-Quercus association in North America is relatively specific. Several other yeast genera were also associated with Quercus at our sites and may constitute ecologically relevant competitors or other community members. Interestingly, several species of Sporopachydermia and Saccharomycopsis previously isolated from oak fluxes by direct plating were not recovered in this study (Lachance, Metcalf and Starmer 1982; Bowles and Lachance 1983; Lachance, Gilbert and Starmer 1995) , which may reflect poor performance in our enrichment conditions or unknown ecological differences across the decades or between Wisconsin and Ontario. Perhaps more surprisingly, S. cerevisiae was not isolated at all in this survey. Although two strains of S. cerevisiae were isolated in 2006 from Maribel, WI by another research team , a recent systematic enrichmentbased survey centered at a similar latitude in Québec also failed to isolate any strains of S. cerevisiae (out of 250 strains) . Collectively, these studies suggest that S. cerevisiae may be rare or restricted to specific habitats or sites at northern latitudes in North America. All other novel associations that we uncovered, such as the T. delbrueckii-Acer and C. bolitotheri-macrofungi associations, should be treated as tentative until they can be validated using other isolation conditions, at other sites, by increasing sample sizes, and/or by direct environmental sequencing. For example, T. delbrueckii has a cosmopolitan distribution, so its relatively frequent recovery from Acer could reflect the absence of competitors or more complex interactions during the enrichment process. Although these associations provide an important first step to understanding the wide variety of ecological niches that yeasts inhabit in these regions, further research is required.
Insect hosts seem to be important for the dispersal and ecology of many yeast species, often resulting in close commensal or mutualistic relationships (Fogleman, Starmer and Heed 1981; Lachance et al., 2001; Rosa et al., 2003; Stefanini et al., 2012) . Among the most thoroughly studied systems are the clades of yeasts associated with the digestive tracts of wood-decaying beetles and roaches, where yeasts are important mutualistic constituents of these insects' microbiota (Suh et al., 2003 . Despite these well-established and intimate associations with wood-decaying beetles (e.g. Sc. coipomoensis and Sc. ergatensis) (Suh et al., 2013) and roaches (e.g. Sc. cryptocercus) (Urbina, Frank and Blackwell 2013) , we isolated these species from wood and soil. From multicellular fungi (e.g. mushrooms) and other substrates, we isolated other yeast species that had originally been associated with fungivorous beetles, such as C. atakaporum, C. bolitotheri and C. kruisii (Suh, McHugh and Blackwell 2004; Suh, Nguyen and Blackwell 2006) . In some cases, such as C. atakaporum (Suh, McHugh and Blackwell 2004) and Sc. cryptocercus (Urbina, Frank and Blackwell 2013) , this is the first time that these insect-associated species have been reported to be isolated outside of their hosts.
Since many of the beetle-associated yeasts have been repeatedly isolated at high titer from insects with limited or no enrichment, our low-to-moderate frequency isolation of these same species using sugar-rich enrichment protocols has several important implications. First, these findings suggest that xylose-fermenting yeasts and relatives can be isolated without directly collecting their insect hosts. Thus, as has been done for Scheffersomyces spp. and Spathaspora spp. in Brazil (Barbosa et al., 2009; Santos et al., 2011; Cadete et al., 2012 Cadete et al., , 2013 Morais et al., 2013; Lara et al., 2014) , developing focused bioprospecting protocols might efficiently uncover new strains and possibly new species of xylose-fermenting yeasts in North America. Second, the ability of these organisms to survive outside of their insect hosts likely provides an important means of horizontal transfer to new hosts that would also serve to promote outcrossing (Reuter, Bell and Greig 2007) . Finally, insect hosts may serve as vectors for medium-range dispersal and help explain why many yeast species are able to maintain broad distributions (Stefanini et al., 2012) .
In light of the apparent complexity of many yeast life cycles and host spectra, we cannot ignore the possibility that the Saccharomyces-Quercus association might reflect the preferences and ecology of the animal vectors of Saccharomyces as much as it does the direct metabolic capabilities of strains isolated from oaks. Indeed, Saccharomyces spp. have been occasionally isolated from insects (Fogleman, Starmer and Heed 1981) , including fortress wasps that harbor S. cerevisiae in Italy (Stefanini et al., 2012) . Enrichment studies have the potential to isolate anything that is present and can successfully compete during isolation, even species that may be at low titer or not actively metabolizing. Rather than oak soil being their preferred habitat, Saccharomyces spp. could be major components of the gut microbiota of one or more unknown insect species, or they could be deposited after insects feed on Saccharomyces-rich food sources. We suggest that focusing on Quercus-associated insect communities and other plants visited by these insects may be a useful strategy for identifying the preferred habitat or habitats of Saccharomyces. We predict that, when the main natural habitat of North American Saccharomyces is identified, Saccharomyces will be present at high enough titer that enrichment protocols will not be required to isolate strains readily. Future studies, preferably using environmental sequencing methods capable of directly quantifying species abundance (Talbot et al., 2014) , would also help determine the relative importance of specific yeast habitats to their particular ecologies and life cycles.
One of the main challenges of yeast ecology and biogeography is determining whether a species is native to an area or not. Data on the genetic diversity of a species can help address how well established it is and whether it has undergone a population bottleneck that might suggest a recent transfer (Lachance et al., 2008; Liti et al., 2009; Schacherer et al., 2009; Wardlaw et al., 2009; Hyma and Fay 2013; Almeida et al., 2014; Peris et al., 2014) , but such studies are currently impossible for most yeast species due to the limited number of strains available. Broad and concerted sampling efforts, as we have done here, are critical to advancing our understanding of the population structure, genetic diversity and biogeography of eukaryotic microbes. In contrast to earlier views that microbes lack biogeography or that 'Everything is everywhere. . . ' (Baas-Becking 1934; de Wit and Bouvier 2006) , studies on Saccharomyces (Hittinger 2013) , on other yeasts (Lachance et al., 2008; Wardlaw et al., 2009) and on fungi more broadly (Talbot et al., 2014) , are beginning to show that this hypothesis was overly simplistic at best. For example, vineyard strains and some other lineages of S. cerevisiae may now be globally distributed (Liti et al., 2009; Schacherer et al., 2009; Hyma and Fay 2013) , but other Saccharomyces spp. (Liti et al., 2009; Hittinger et al., 2010; Almeida et al., 2014; Bing et al., 2014; Leducq et al., 2014; Peris et al., 2014) , as well as many divergent lineages of S. cerevisiae (Wang et al., 2012; Cromie et al., 2013) , are strongly structured by geography. Although we isolated three out of the four known lineages or populations of S. paradoxus in Wisconsin, the American population was isolated far more frequently than the European or Québécois population. Similarly, in this survey, we did not isolate any other Saccharomyces spp., except for rare strains of S. eubayanus that are likely recent migrants (Peris et al., 2014) . Our understanding of the biogeography and natural history of Saccharomyces and many other yeasts is still in its infancy, but the application of improved strain isolation protocols and modern genetic and genomic analyses promises to continue to illuminate their genetic diversity, life cycles and roles in ecosystems.
Sequences have been deposited in GenBank under accession numbers: KM384037-KM384625 (ITS) and KM408120-KM408141 (D1/D2). All strains are available from the corresponding author upon request. Type strains have been deposited at CBS and NRRL with corresponding entries in MycoBank (see accession numbers in species descriptions).
FUNDING
